The streptothricin hydrolase (SttH), which is a member of the isochorismatase-like hydrolase (ILH) super-family, catalyzes the hydrolysis of the streptolidine lactam group in streptothricin (ST) antibiotics, thereby inactivating them. In this study we identified a novel homologous gene (sttH-sn) and sequenced the flanking regions of the sttH and sttH-sn genes. The organization of genes around the sttH, sttH-sn, and ILH genes revealed that a number of the genes were clustered with genes encoding oxidoreductases with molybdopterin binding subunits, suggesting that the true role of these gene products (SttHs and a number of ILHs) might have to do with the chemical modification of molybdopterin, rather than ST-resistance. In addition, mutant enzymes were constructed in which Ser was substituted for highly conserved Cys-176 and Cys-158 of SttH and SttH-sn respectively, and no enzyme activities were detected. Thus, biochemically, these ILHs were found to be ''cysteine hydrolases.''
Streptothricins (STs) produced by Streptomyces strains are broad-spectrum antibiotics effective against both prokaryotes and eukaryotes. [1] [2] [3] [4] [5] [6] [7] [8] All STs consist of a carbamoylated D-gulosamine to which a homopolymer of 1 to 7 -lysine residues and a streptolidine lactam group, an amide form of the unusual amino acid streptolidine, are attached ( Fig. 1) . In prokaryotes, a well-known mechanism by which resistance to STs develops is monoacetylation of the -amino group on their -lysine monomer or homopolymer. Many STresistance genes encoding ST-N-acetyltransferases (NAT) have been identified in bacteria, including some from clinical pathogens. [9] [10] [11] Similarly, in ST-producing Streptomyces strains, nat genes have been identified and their role in self-resistance to endogenous STs has been investigated. [12] [13] [14] [15] Recently we identified a novel gene conferring ST-resistance, the streptothricin hydrolase (sttH) gene, in an ST-non-producing Streptomyces albulus strain, NBRC14147, which had a different resistance mechanism. 16) In vitro analysis of the SttH protein showed that it conferred ST resistance by catalyzing hydrolysis of the amide bond in the streptolidine lactam group (Fig. 1) . SttH protein catalysis converted ST-F (with one -lysine residue) and ST-D (with 3 -lysine residues) to ST acids.
The deduced primary structure of the SttH protein showed homology with ether hydrolases in the isochorismatase superfamily. Isochorismatase (EC 3.3.2.1) is an enzyme encoded by the entB gene in Escherichia coli, that is produced during the biosynthesis of enterobactin, an iron-chelating product derived from chorismic acid, involved in iron uptake by bacteria. [17] [18] [19] The phzD gene is also known to encode an isochorismatase-related enzyme, that shares 34% sequence identity with the EntB isochorismatase, and to participate in phenazine biosynthesis in Pseudomonas strains. 20) Recent genome sequencing projects have shown that almost all bacteria produce one or more isochorismatase-like hydrolases (ILHs), but many of their functions remain unclear ( Fig. 2c-e) . For example, Streptomyces avermitilis MA-4680 expresses two putative ILHs (Fig. 2d ), SAV1838 and SAV1388, whose amino-acid sequences showed 16% and 14% identity respectively to that of EntB, and Streptomyces coelicolor A3(2) expresses one protein, SCO2330 (13% identity to EntB). In addition to EntB, the Escherichia coli w3110 strain possesses two proteins, YecD and YcaC (Fig. 2c) , whose amino-acid sequences showed 14% and 17% identity respectively to that of EntB. ILHs have been also found in the pathogenic protozoans Leishmania donovani, Leishmania major, and Trypanosoma cruzi.
21) The crystal structures of the proteins from T. cruzi (Tcru003547AAA; PDB accession no. 1YZV) and E. coli (YcaC; PDB accession no. 1YAC) have been determined, 21, 22) and they suggest that a conserved Cys residue in these proteins may be at their active sites. However, their enzymatic functions and substrates have not yet been identified. We have reported that a deduced 3D structure of SttH with a corresponding Cys residue at a potential catalytic site was very similar to those of Tcru003547AAA and YcaC.
SttH is the first member of the ILH superfamily whose function and substrate was determined. However, it is possible that the true role of SttH is its involvement in resistance against STs; instead, it might catalyze the hydrolysis of naturally occurring cyclic amide compounds that are structurally related to STs. In a previous study, 23) we constructed a knockout mutant of the sttH gene and sequenced the 4.2-kbp flanking region of the gene to investigate its biological role, but this geneinactivation experiment did not elucidate its role.
In this study, to investigate the biological role of this group of enzymes further, we sequenced additional flanking regions around the sttH gene and tested to determine whether another ILH that can use STs as substrates occurs in nature. The gene organization adjacent to the sttH gene and the novel ILH gene identified provided insight into important aspects of ILH function.
Materials and Methods
Materials. The STs used were clonNAT, a mixture of ST-F and ST-D in a 4:1 ratio (Werner BioAgents, Jena, Germany). All other chemicals used were of analytical grade. Quick-change XL site-directed mutagenesis kits were obtained from Stratagene (La Jolla, CA).
Bacterial strains, plasmids, and DNA manipulation. Streptomyces noursei NBRC15452, which was used to clone the ILH gene, was grown in P10.3 medium containing 10.3% sucrose, 3% glucose, 1.5% soyton (Difco), 0.1% glycine, 0.04% CaCl 2 . 2H 2 O, and 0.1% MgCl 2 . 6H 2 O (pH 7.2). The E. coli-Streptomyces shuttle vector pWHM3 24) and Streptomyces lividans TK23 24) were used to clone the ILH gene. The pQE30 plasmid, E. coli M15 (pREP4) (Qiagen, Tokyo, Japan), and E. coli XL1-Blue MRF 0 (Toyobo, Osaka, Japan) were used to overexpress the recombinant protein. In site-directed mutagenesis experiments, pQE30-SHF1R, 16) an overexpression vector for His-tagged recombinant S. albulus SttH (rSttH-F1R), was used as a template plasmid. Recombinant DNA manipulations in the E. coli and Streptomyces strains were performed using standard techniques. 24, 25) Fig. 2 . Gene Organization around Isochorismatase-Like Hydrolase (ILH) Genes Including the sttH and sttH-sn Genes.
The flanking regions of the sttH (a, accession no. AB248874) and sttH-sn (b, AB512090) genes were sequenced in this study, while those of E. coli W3110 (accession no. AP009048) (c), S. avermitilis MA-4680 (BA000030) (d), and Brevibacterium linens BL2 (AAGP01000000) (e), shown here, were obtained from databases. Dark gray arrows, ILH genes; light gray arrows, molybdopterin subunit genes; HP, hypothetical protein. 0.01% FeSO 4 . 7H 2 O, and 100 mg/ml clonNat (STs). The plates were incubated for 4 d at 30 C. Strains showing ST resistance were selected for further screening. To identify a strain without the gene encoding NAT, PCR screening was performed as previously described. 16 ) During these two further screening stages, candidate strains were grown in P10.3 medium at 30 C to the middle of the log phase, when 100 mg/ml of clonNAT was added to the culture broth, for a further 4 d at 30 C. Supernatants from the cultures were analyzed by high-performance liquid chromatography/electrospray ionization mass spectrometry (HPLC/ESI-MS; Esquire 4000, Bruker) to determine whether the strain had converted the STs to ST-acids. The HPLC/ESI-MS used a C30 reversed-phase column (Develosil RPAQUEOUS-AR-5; 150 Â 2:0 mm; Nomura) at 30 C, at a flow rate of 0.4 ml/min and with a gradient of acetonitrile/water in 0.1% n-heptafluorobutyric acid run over 45 min (10-20% acetonitrile for 20 min, 35% acetonitrile for 15 min, and 100% for 10 min).
Cloning of the sttH-sn gene encoding ILH-catalyzing ST hydrolysis. Genomic DNA from S. noursei NBRC15452 was partially digested with Sau3AI. Sau3AI fragments that were larger than 2.0-kb were then ligated into the BamHI site of the pWHM3 plasmid carrying the thiostrepton-resistance gene. S. lividans TK23 was transformed using this ligated DNA, and the transformants that were resistant to both clonNAT and 20 mg/ml of thiostrepton were isolated on R5 agar medium. 24) One of the transformants, with a plasmid containing a 7.4-kb insert (Fig. 2b) , was selected for DNA analysis. The DNA sequence has been deposited in the DDBJ/EMBL/GenBank databank under accession no. AB512090.
Construction of the His-tagged S. noursei SttH (rSttH-sn) and YcaC (rYcaC) genes in E. coli. The following primers were designed and used to amplify the sttH-sn gene: 5 0 -GGGGGATCCATCCGTCC-GGGTCGATGCCTGTGG-3 0 (forward primer, sn-sttH-F) and 5 0 -ACC-AAGCTTTCACCGCACTGGAGAAGGCGGCGG-3 0 (reverse primer, sn-sttH-R). Restriction enzyme sites (in italics) and a stop codon (in bold) were introduced for the in-frame expression of recombinant proteins in the pQE30 expression vector. PCR was carried out under standard conditions. An amplified DNA fragment (0.8-kb) was digested with BamHI and HindIII and ligated into pQE30. After confirmation of its sequence, the resulting pQE30-sttH-sn plasmid was introduced into E. coli M15 (pREP4). E. coli M15 (pREP4) carrying pQE30-sttH-sn, in which the recombinant protein was expressed as an N-terminally His-tagged fusion protein under the control of the T5 promoter, was grown at 37 C in Luria-Bertani (LB) medium 25) with 100 mg/ml of ampicillin and 25 mg/ml of kanamycin. Expression of the recombinant fusion protein was induced by adding 0.1 mM isopropyl--D-thiogalactopyranoside (IPTG) when the optical density at 600 nm reached approximately 0.8, and then incubating this for an additional 18 h at 18 C. Cells were harvested from 50 ml of culture broth by centrifugation at 6;000 Â g for 15 min, resuspended in 5 ml of buffer A (50 mM Tris-HCl, 300 mM NaCl, 5 mM 2-mercaptoethanol, pH 8.0) containing 10 mM imidazole, and sonicated on ice. Insoluble material was removed by centrifugation at 12;000 Â g for 15 min. The supernatant was run on a 1-ml nickel-nitriloacetic acid (Ni-NTA) Sepharose column that had been pre-equilibrated with 5 ml of buffer A containing 10 mM imidazole. The column was washed with 5 ml of buffer A containing 20 mM imidazole, and recombinant His-tagged SttH-sn was eluted with 1 ml of buffer A containing 250 mM imidazole. The eluted protein was used in the enzyme assays described below.
Similarly, an expression plasmid for an N-terminally 6 Â Histagged YcaC (rYcaC) was constructed using the following primers: 5 0 -GGGGGATCCACCAAACCGTATGTTCGTCTT-3 0 (forward primer, YcaC-F) and 5 0 -ACCAAGCTTTTATTTCTGCTTCGTTAACGT-3 0 (reverse primer, YcaC-R). A soluble rYcaC fusion protein was obtained by the procedure described for rSttH-sn.
Enzyme assays. The assay conditions used for rSttH-sn were essentially the same as those previously described for rSttH.
16) The 500-ml reaction mixtures contained 100 mM sodium phosphate buffer (NaPB, pH 6.5), 1 mg/ml of ST-F or ST-D, and 100 mg/ml of purified rSttH. After incubation with and without rSttH at 30 C for 1 h, proteins were removed using chloroform, and the water layers were then analyzed by HPLC/ESI-MS. Kinetic assays were performed under conditions identical to those described above, except that the enzyme concentration of 2 mg/ml and the reaction time of 5 min were reduced to make possible the measurement of steady-state kinetic parameters. All assays were carried out under linear conditions. The reactions were terminated by the addition of 15 ml of 2 N HCl, and the products were then analyzed by HPLC/ESI-MS. A Lineweaver-Burk plot was used to estimate the kinetic constants.
Site-directed mutagenesis of rSttHs from S. albulus NBRC14147 and S. noursei NBRC15452. For SttH-F1R from S. albulus NBRC14147, the following primers were designed and used to change Cys176 to Ser: 5 0 -GTGCTCTCCGAAATGAGCGTCGCCGCCACC-3 0 (c176s-F) and 5
0 -GGTGGCGGCGACGCTCATTTCGGAGAGCAC-3 0 (c176s-R). Nucleotides at the site of mutation are shown in bold. The Quickchange XL site-directed mutagenesis kit was used to generate rSttH-F1R (C176S), using pQE30-SHF1R as the PCR template. After confirmation of the sequence of the resulting plasmid, pQE30-SttH-F1R (C134S), it was introduced into E. coli XL1-Blue MRF 0 . The following primers were designed to construct SttH-sn (C158S): 5 0 -GTGCTCTCCGAGATGTCCGTGGCCGCCACC-3 0 (c158s-F) and 5 0 -GGTGGCGGCCACGGACATCTCGGAGAGCAC-3 0 (c158s-R). The template used was pQE30-sttH-sn, and the resulting plasmid, pQE30-SttH-sn (C158S), was introduced into E. coli XL1-Blue MRF 0 .
Results

Sequence analysis of the sttH gene flanking region
In a previous study, 16) we cloned a 4.2-kb NotI-BamHI DNA fragment that included five open reading frames (ORFs). 23) In brief, ORF-1 encoded an esterase, ORF-2 encoded SttH, ORF-3 encoded a lipase, ORF-4 encoded an unidentified hypothetical protein, and ORF-5 encoded the iron-sulfur [2Fe-2S] binding subunits of xanthine dehydrogenases (XDH) (Fig. 2a) . Investigating the organization of the flanking regions of a gene sometimes provides important insight into its function and biological role. Hence we cloned and sequenced the 3-kb 5 0 -flanking region of the ORF5 gene. Frame analysis using the codon usage typical of Streptomyces strains 26) revealed two additional ORFs, ORF-6 and -7 (Fig. 2a) . The deduced amino acid sequence of ORF-6 showed significant similarity to the sequences of dehydrogenase molybdopterin binding subunits from Streptomyces griseus subsp. griseus NBRC 13350 (Gene ID no. SGR6759, 73% identity), Streptomyces avermitilis MA-4680 (SAV7383, 71%), and Streptomyces coelicolor A3(2) (SCO0690, 70%). The deduced amino acid sequence of ORF-7 showed 69%, 69%, and 68% identity to those of the molybdopterin binding domains of XDHs from S. griseus subsp. griseus NBRC 13350 (Gene ID no. SGR6760), S. coelicolor A3(2) (SCO0691), and S. avermitilis MA-4680 (SAV7384) respectively.
Cloning the gene encoding ILH that catalyzes ST hydrolysis in a different Streptomyces strain
To determine whether another ILH that can use STs as substrates occurs in nature, a three-stage screening strategy was employed in 44 strains of actinomycetes obtained from The NITE Bioresource Information Center (NBRC). S. noursei NBRC15452 was identified as a candidate strain that produced an ILH catalyzing ST hydrolysis. In fact, in studies of the minimum inhibitory concentration (MIC) of STs, the NBRC15452 strain, which is not known as an ST producer, was more resistant to STs than the ST producer S. lavendulae NBRC12789 (Table 1) , and showed a MIC equivalent to S. albulus NBRC14147, which produced SttH. Further-more, PCR using primers designed for the nat genes produced no amplified fragments when genomic DNA from S. noursei NBRC15452 was used as the template, but produced a specific amplified fragment when genomic DNA of S. lavendulae NBRC12789 was used (data not shown). Crucially, S. noursei NBRC15452 converted STs to ST-acids ( Fig. 3c and d) . Therefore, this strain was selected as the source of a gene encoding ILH catalyzing ST hydrolysis, and a genomic library was constructed in the pWHM3 plasmid carrying the thiostrepton-resistance gene. This NBRC15452 strain library was introduced into S. lividans TK23, which is sensitive to STs and thiostrepton, and transformants resistant to both 20 mg/ml of thiostrepton and >400 mg/ml of cloNAT STs were isolated. From these transformants, we selected one that harbored the pWHM3 plasmid carrying a 7.4-kb fragment (pWHM3-7.4k, Fig. 2b and Table 1 ) for further experiments. Sequence analysis of the 7.2-kb DNA fragment and frame analysis using the codon usage typical of Streptomyces strains 26) revealed eight ORFs (ORF1 to 8) (Fig. 2b) . Analysis of databases using BLAST software showed that the deduced amino acid sequence of ORF-2 was 74% identical to the sequence of SttH from S. albulus NBRC14147, and it was therefore designated SttH-sn. Furthermore, the gene organization around the sttH-sn gene was very similar to that of S. albulus NBRC14147 (Fig. 2a) .
We have reported that the sttH gene identified in S. albulus NBRC14147 did not have an apparent promoter region or ribosome binding site. Moreover, there were eight possible start codons (ATG and GTG, positions 1 to 8; Fig. 4 ) in the sttH gene, making it difficult to identify its genuine start codon. Hence we constructed six types of rSttH (rSttH-F1R, -F2R, -F3R, -F4R, -F5R, and -F6R), with six different N-terminal regions, to identify the correct start codon based on their enzymatic activities as measured by their MIC values for STs (Fig. 4) . 16) Those experiments suggested that the position 8 codon functioned as the start codon. However, in this study, the sequence of the cloned homologous gene, sttH-sn, suggested that positions 1 to 5 might be start codons, based on its alignment with the SttH sequence (Fig. 4) . In particular, position 1 appeared to be the start codon, because no significant similarity with the amino-acid and nucleotide sequences of SttH-sn was observed in the 5 0 upstream region from position 1 of SttH.
Functional analysis of the sttH-sn gene (ORF-2) identified in S. noursei NBRC15452
To confirm that the cloned sttH-sn gene encoded a functional ILH catalyzing ST hydrolysis, a highly purified recombinant SttH-sn (rSttH-sn), obtained by Ni-affinity chromatography, was incubated with ST-F. An rSttH-sn-dependent product was identified in the reaction mixture by reverse-phase HPLC/ESI-MS, and was eluted with a retention time corresponding to that of ST-F-acid in the absence of any additional cofactors or metal ions (Fig. 3e ). An rSttH-sn-dependent product was also detected when ST-D was used as substrate (Fig. 3e) . The molecular masses of the ST-F-derived and ST-D-derived compounds were determined to be 520.3 (m=z ¼ 521:
respectively. In addition, the ESI-MS/MS spectra showed fragmentation patterns that were identical to those of ST-F-acid and ST-D-acid standards (data not shown), demonstrating that the products of rSttH-sn enzyme action on ST-F and ST-D were ST-Facid and ST-D-acid respectively.
We further characterized the enzymatic properties of SttH-sn, using rSttH-sn. The optimal pH was determined in two different buffers, 100 mM sodium phosphate between pH 4.5 and 7, and 100 mM Tris-HCl between pH 7 and 10. The enzyme activity was maximal at pH 7.0 (Table 2) , and dropped rapidly as the pH decreased (to about 4). The effect of temperature on the enzyme activity was also investigated between 25 C and 75 C in 100 mM sodium phosphate buffer (pH 7.0), and the enzyme activity was found to be maximal at 55 C. In kinetic studies, we determined the K m values of rSttH-sn to be 1:3 AE 0:5 mM for ST-F and 3:2 AE 1:6 mM for ST-D ( Table 2) , showing that the enzyme had a higher affinity for ST compounds with shorter -lysine side chains. However, the V max value of rSttH-sn for ST-D was slightly higher than that for ST-F. The V max =K m value calculated for ST-F was 2-fold higher than that for ST-D.
We also carried out kinetic studies using rSttH-F1R, which was translated from the newly assigned start codon at position 1 (Fig. 4) in the sttH gene from S. albulus NBRC14147. A kinetic study of rSttH-F6R, translated from the position 8 codon, was reported previously.
16) The kinetic parameters for SttH-F1R are summarized in Table 2 .
Identification of catalytic amino-acid residues in SttH
The crystal structures of ILHs from T. cruzi (Tcru003547AAA; PDB accession no. 1YZV) and E. coli (YcaC; PDB accession no. 1YAC) have been determined, 21, 22) and they strongly suggest that a conserved Cys residue in these proteins is present at the active site (Fig. 5) . In fact, SttHs from Streptomyces strains also contain conserved Cys residues (Fig. 5) . Hence we investigated the role of the Cys residue in catalysis by constructing two expression plasmids, pQE30-SttH-F1R (C176S) and pQE30-SttH-sn (C158S), in which single Cys residues were changed to Ser residues in SttH-F1R (C176S) and SttH-sn (C158S) respectively. After the introduction of these plasmids into E. coli, MIC studies were performed with STs. The E. coli transformants harboring these plasmids did not show resistance to STs, while transformants expressing wild-type SttHs were resistant to STs (Table 1) . These results showed that Cys176 in SttH and Cys158 in SttH-sn are indeed at the enzymes' catalytic sites.
Discussion
SttH from S. albulus was the first ILH enzyme characterized with respect to its substrate and catalytic function. 16) In fact, biochemically, SttH and its newly identified homolog, SttH-sn, were found to be ''cysteine hydrolases'' in this study. Although we have clarified the hydrolase function of ILHs, not all ILHs can use STs as substrates. For example, E. coli W3110 does not show resistance to STs, although it does possess the two ILH genes (yecD and ycaC). One of these two proteins, a recombinant YcaC constructed in this study, indeed had no ST-hydrolyzing activity (data not shown), demonstrating that the substrate of YcaC is not STs. A common substrate for ILHs thus remains unidentified. To investigate the biological role of ILHs, we looked at the additional flanking region around the sttH gene (Fig. 2a) and identified an alternative coding sequence, sttH-sn (Fig. 2b) , encoding an ILH catalyzing ST hydrolysis. These experiments also revealed that the sttH genes in S. albulus NBRC14147 and S. noursei NBRC1545 are clustered with genes encoding XDH subunits, which are known to be involved in purine metabolism and to be essential for growth in bacteria. XDH is a complex metallo-flavoprotein that catalyzes the hydroxylation of hypoxanthine and xanthine, the last two steps in the formation of urate, using a water molecule as oxygen donor. Hence we speculated that SttH might be involved in purine metabolism, and in particular in purine degradation. However, we found no evidence that rSttHs can use purines with cyclic amides as substrates (data not shown). In addition, the sttH knockout mutant, which we constructed in a previous study, 23) grew normally on a minimal medium containing urate as the only carbon and nitrogen source (date not shown), showing that the sttH gene is not required for urate degradation. The biological role of the sttH gene thus remains unclear, but we note that almost all ILH genes are within clusters of genes encoding oxidoreductases (Fig. 2) . Furthermore, a number of these oxidoreductases have pterin-based molybdenum cofactors, molybdopterins, which are known as a scaffold holding molybdenum 27, 28) and is a cyclic amide compound, like STs (Fig. 6 ). Since molybdopterin biosynthesis is a well-established pathway that has been thoroughly investigated, we cannot integrate an ILH-catalyzed step into this metabolic pathway. However, ILHs, whose genes are within clusters of genes encoding molybdenum enzymes, might catalyze a chemical modification that leads to the activation or degradation of molybdopterins, by opening the cyclic amide. Further in-depth investigation into the biological significance of ILHs is now in progress. The molybdenum cofactor, which forms the active site of the molybdenum enzymes, consists of molybdenum covalently bound to two sulfur atoms of a unique tricyclic pterin moiety referred to as molybdopterin.
